ABSTRACT: This work demonstrated the decomposition products of several amino acids -rier discharge plasma was used to treat 20 mM solutions of cysteine, glutamine, alanine, and lysine for varying treatment times to investigate possible mechanisms in cell wall degradation and treatment of tissue. The treated solutions were analyzed primarily using gas chromatography-mass spectrometry (GC-MS) and nuclear magnetic resonance (NMR). The primary targets of the plasma treatment were found to be the sulfur or nitrogen species. Acetic acid and lactic acid were observed throughout all solutions as oxidative products from the plasma treatment. This work suggests that the primary targets for plasma treatment of cell wall components is the amino acids.
INTRODUCTION
Recently, thermal and nonthermal plasmas have been shown to have useful applications in agriculture. 1 For example, it is generally recognized that plasmas affect plant growth, root stimulation, and microbial activation. Understanding the chemicals species generated from plasmas is required to fully develop their agricultural applications. Since cell medium consists of amino acids, glucose, vitamins, growth factors, and inorganic salts, it is important to understand what plasma treatment does to these molecules. 2 This peptidoglycan layer is composed of amino acids and sugars in a polymeric network. 4, 5 Interference with the peptidoglycan layer can kill bacteria, as in the case with penicillin. 4 It is assumed that the breakdown of biological molecules, such as amino acids, result in organic components that cause lipid peroxidation. 2 Amino acid peroxides are one such species capable of causing lipid peroxidation when introduced to a lipid bilayer. The formation of amino acid peroxides as a result of reaction with hydroxyl radical has been shown by Gebicki et al. 2 These studies showed that different amino 2 Reactivity of these amino acids to form peroxides were categorized based on the number of peroxide groups formed per hydroxyl radical generated and denoted peroxidation 2, 3 the amount of DNA damage to cells caused by each respective amino acid after plasma treatment.
In addition to their agricultural applications, dielectric barrier discharge (DBD) plasma treatment of biomolecules is of interest for its enhanced antimicrobial effects of plasma-treated chemical solutions when compared to that of the water, 1 dose-dependent effects of cell proliferation to apoptosis, 2 -trode DBD (FE-DBD) treatments are implemented. 4 It is likely that reactive oxygen species (ROS) and reactive nitrogen species (RNS) generated in plasma-treated solutions oxidize and break down cell wall components. [6] [7] [8] [9] [10] It is essential to understand the mechanisms of these reactions to explain and predict what may happen on the chemical level. Understanding the mechanism of action can better explain these effects and target additional systems where plasma treatments may prove to be useful. Some work towards a better understanding of this area has already been carried out in our laboratory through investigating the decomposition of L-valine from FE-DBD plasma treatment. 11 These products included acetone, formic acid, acetic acid, threo-methylaspartic acid, erythro-methylaspartic acid, and pyruvic acid. 11 The formation of threo-methylaspartic acid and erythro peroxidation of valine had occurred. 11 These studies showed that the primary modes of reactions with the plasma-treated solutions are through oxidative processes.
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II. MATERIALS AND METHODS
Plasma treatment of biological molecules was carried out using the method and setup identical to that used by Li et al. 11 L Lglutamine and caffeine were purchased from Alfa Aesar. L-Alanine, L-lysine, and deuterium oxide were purchased from Sigma Aldrich. Fresh stock solutions at a concentration of 20 mM were made with 1 mL aliquots pulled for each sample treatment. Samples to be run with 1 H-NMR analysis were prepared with D 2 O prior to plasma treatment. Immediately after plasma treatment, the samples were transferred to a 5 mm NMR tube without dilution. For quantitative studies, each NMR tube was equipped with a sealed capillary of a 10 mM caffeine or methanol solution in D 2 O to be used as an external standard. Samples prepared for gas chromatography-mass spectrometry (GC-MS) analysis were run in deionized water and immediately extracted three times in dichloromethane and evaporated at room temperature to reduce the total volume to < 0.5 mL. These samples were further processed with a trimethylsilyl (TMS) derivatization. An equal volume (100 μL) of the solution and N,Owere then mixed and incubated for one hour at 50ºC. The solution was then diluted to 1 mL with dichloromethane for analysis.
1 H-NMR spectra were recorded on a 500 MHz Varian Unity Inova spectrometer in 5 mm NMR tubes with solutions made in D 2 O. GC-MS studies were carried out with a Perkin Elmer Clarus 500 capillary-column GC-MS system in positive ion mode with electron impact.
III. RESULTS AND DISCUSSION
A. Plasma Treatment of Cysteine in contrast to that of valine. 2 Varying treatment times of 20 mM L-cysteine solutions in D 2 O were monitored with 1 H-NMR (Fig. 1 ). Using D 2 O as the solvent allowed for immediate analysis and prevented loss from transfer to another solvent. Cysteine itself provides two regions of peaks: a multiplet at 3.00-3.15 ppm and a doublet of doublets at 3.95-4.00 ppm. Several additional peaks are observable in the 0-sec solution. The signal observable at 3.35 ppm is from an external standard, methanol in this experiment, which was added for quantitative methods. The other weak signals can be attributed to times. This next set of peaks has been attributed to cysteic acid formation, which is the expected oxidation product under acidic conditions. 12 2D-correlation spectroscopy (2D-adjacent protons (Fig. 2) . Plasma treatment times were extended to 5, 10, and 20 min, and the only newly formed peaks belonged to that of formic acid (8.20 ppm) and acetone (2.06 ppm). It should be noted that these were present in very low concentrations and
This suggests a much different story to what was observed with valine. Plasma treatment of cysteine was found to follow the similar path of standard oxidation (Fig. 3) . be attributed to the strong antioxidant role of the thiol functionality. 14 The antioxidant capabilities of the thiol protect the molecule from further degradation. This logic can
B. Plasma Treatment of Glutamine
For glutamine, similar studies on the effects of plasma treatment were monitored with 1 H-NMR (Fig. 4) . The glutamine concentration noticeably decreased following the oxidation products of glutamine result in overlapping 1 -tamic acid, as these two compounds are very similar in structure. Some information could still be derived from the NMR data. Fumaric acid was not detected from the degradation, as no peak was present at 6.5 ppm in the proton NMR. 15 The formation of -ketoglutaric acid was observed from the NMR with a multiplet forming around 3 ppm at 50 sec of plasma treatment. 15 No other compounds were discernable from the 1 H-NMR data because many of the probable compounds result in overlapping signals within the same region. GC-MS studies were similarly carried out with an identical method to that of cysteine for the plasma treated glutamine. Derivatization with BSTFA resulted in several peaks from residual components and solvent (Fig. A4 in Appendix A). These peaks were found at 1.61, 1.63, 1.73, 1.91, and 3.55 min and are attributed to the dichloromethane solvent and residual components from trimethylsilyl-derivatization. 11 The chromatograms were found to have a predominant peak at 6.96 min, which was found to belong to the coelution of glutamic acid and 2-hydroxypentanedioic acid. It is likely that oxalic acid and if present, their concentration was probably very low. Acetic acid was recognized at 2.18 min and was determined from the representative peak at 117 m/z. 16 Lactic acid was found at a retention time of 2.34 min. The presence of acetic acid and lactic acid shows the susceptibility of the carbon chain to fragmentation from plasma treatment in solution. No additional major products were detectable from glutamine, but the suggested pathway of oxidation is shown in Fig. 5 . The treatment of glutamine shows not only oxidation but cleavage of the hydrocarbon chain as a possible pathway.
C. Plasma Treatment of Additional Biomolecules
Investigations into additional amino acids included alanine and lysine. GC-MS studies on the plasma treatment of alanine showed the formation of acetaldehyde (2.689 min) as the major product, along with lactic acid (2.354 min). The plasma treatment of lysine similarly resulted in the formation of acetic acid. Lactic acid formation was also observed with an identical retention time to what was previously observed. The primary component was 2-amino-6-hydroxyhexanoic acid, which is formed from the loss of the terminal amine group followed by the addition of hydroxide to that carbon. This was observed at a retention time of 7.026 min. Further investigation of the fragmentation revealed that another compound co-eluted at this time. It is likely that 2,6-dihydroxyhexanoic acid also formed and would have a very similar retention time. This GC-MS data with chromatograms are included in Appendix A. The treatment of the amino acid solutions has revealed primarily oxidation products with a common scheme of amine abstraction followed by a replacement with an alcohol functionality. The main groups that were susceptible to the reactive plasma components were those most likely to be oxidized, including the sulfur and nitrogen functionalities. Additionally, the hydrocarbon chain was susceptible to cleavage. This suggests that hydroxyl radicals are present -peroxide was responsible for these components comes from the fact that no peroxide species were isolated during these experiments. This suggests that additional species could be responsible for the oxidation and assist in the degradation of these species in solution. Additional conclusions can be drawn from these studies to explain the effects of plasma treatment on the bacterial cell wall. The cell wall is comprised of a peptidoglycan layer, as mentioned earlier in this section. This peptidoglycan layer is linked together by peptide linkages between the amino acids and glycosidic linkages between the sugar backbone. The rapid breakdown of these amino acids suggests that the amino comparison, brief studies were carried out with sucrose. Sucrose is an example of a basic glycosidic linkage between glucose and fructose.
solution changes color from blue to red upon reduction of Cu 2+ to Cu 1+ -agent was tested on sucrose solutions treated with plasma for 30 sec, 1 min, and 5 min; a trend towards increasing change of blue to red was observed (Fig. 6 ). This was matched
FIG. 5:
Oxidation pathway observed for glutamine with plasma treatment against control solutions of sucrose, glucose, and fructose, in which colors of blue, red, and red were observed, respectively. This shows that upon the presence of a reducing sugar such as glucose, the reduction of copper occurs. One of the issues with this test is that there can be many false positives. Also, from the previous water studies, it is known that a large amount of H 2 O 2 is formed in solution, and hydrogen peroxide has been known to serve as both a reducing and oxidizing agent. 17 To further understand how the sucrose molecules are breaking down, it is necessary to study this system with a different analysis. 1 H-NMR studies were investigated on 20 mM solutions of sucrose treated with plasma for 5 min (Fig. 7) . Following 5 min of plasma treatment, a large amount of sucrose was found to still be present. However, a the formation of formic acid, as recognized from the signal at 8.2 ppm. Also, looking at the inset from Fig. 7 , the formation of glucose was apparent from the signals at 4.55 ppm. Some additional species that could be detected included glyceric acid (4.3 ppm), tartronic acid (5.3 ppm), and tartaric acid (4.65 ppm). These compounds were further characterized and analyzed with GC-MS studies, and the mechanism of formation was discussed by Li et al. 
D. CONCLUSION
Plasma treatment of amino acids has led to a deeper understanding into some of the efplasma treatment. The primary targets are any sulfur or nitrogen functionalities. The primary reactions with the sulfur functionalities was simply oxidation, however, nitrosylation was observed during the characterization of N-acetyl cysteine (NAC) solutions. 19 No oxidation of the amine functionality was observed, but it is likely that it occurred and was rapidly followed by removal and replacement with a hydroxyl functionality. It is likely that the amine groups contributed to the nitric acid concentration in solution; however, further studies would need to be carried out to completely verify this. An increase of plasma treatment times yielded fragmentation along the carbon backbone. This was most likely caused by the highly oxidizing and acidic conditions. The presence of hydroxyl radicals allows for hydrogen abstraction and opens up the carbon for the differences in the functionalities. The primary reasoning for the sulfur-containing -dant capabilities. Sulfur is much more easily oxidized than the other elements present. This can likely be explained by the presence of two amine groups, which doubles the reactive sites for oxidation and likely decreases cleavage of the C-C bond. This was demonstrated by the increased amount of glutamic acid and 2-hydroxypentanedioic acid in the GC-MS studies. Also, acetic acid and lactic acid were found, which suggests that longer plasma treatment times caused the C-C bond to break down. Glutamic acid more energy goes into the C-C bond cleavage. Lysine was found to break down into 2-amino-6-hydroxyhexanoic acid, and this was further oxidized to 2,6-dihydroxyhexanoic acid. Both of these compounds have a longer carbon chain, which provides more reactive sites for fragmentation and breakdown. It is likely that this occurred as well, because lactic acid and acetic acid were found in even higher concentrations than in the glutamine solutions.
The degradation of sucrose showed that plasma treatment can be used for breakhowever, it took a much longer plasma treatment time to observe the result of any reaction with plasma. This suggests that breakdown of the glycosidic linkage could possibly explain the plasma reactivity to the bacterial cell wall, but it is more likely to occur on the amino acid network. This does show a potential application for breakdown of cellulose to glucose with plasma treatment for potential applications in the energy and even 
